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Abstract: Microarrays show great promise in advancing the understanding of many biological 
phenomena, including toxicity and effectiveness of the many products regulated by the U.S. 
Food and Drug Administration.  In addition, devices based on the microarray technology have 
the potential to individualize diagnosis and treatment of disease, as well as monitor efficacy of 
treatment regimens.  To realize these expectations, reliable and reproducible measurements 
are essential.  Currently, there are no generally accepted standards for performing and analyz-
ing a microarray study.  Without such quality assurance standards among the microarray com-
munity, it will be difficult to move this technology into the regulatory framework where it holds 
such promise.  Here, we describe observations and approaches undertaken at the NCTR Cen-
ter for Functional Genomics to examine and optimize steps in the complex microarray proce-
dure with the aim of decreasing variability in order to generate reliable data.  These observa-
tions illustrate some of the subtle technical issues that can easily be overlooked in microarray 
experiments.  Among the factors that can influence microarray experiments are microarray print-
ing procedures, oligonucleotide characteristics, RNA quality, and environmental factors. 
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Introduction 
 
The mission of the National Center 
for Toxicological Research (NCTR) 
is to conduct peer-reviewed scien-
tific research that supports and an-
ticipates the U.S. Food and Drug 
Administration’s (FDA's) current 
and future regulatory needs (http://

w w w . f d a . g o v / n c t r / o v e r v i e w /
mission.htm).  This involves funda-
mental and applied research spe-
cifically designed to define biologi-
cal mechanisms of action underly-
ing the toxicity of products regu-
lated by the FDA.  It also includes 
the development of methods to im-
prove assessment of human expo-

sure, susceptibility, and risk.  The 
Center for Functional Genomics at 
the NCTR has implemented DNA 
microarray technology that enables 
the evaluation of the effects of 
chemical toxicants on gene expres-
sion as well as the discovery of new 
biomarkers.  To acquire high quality 
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Figure 1. A microarray experiment.  The top part of the figure shows steps in the sample preparation process while the bottom part shows 
steps in the fabrication of the microarray.  The samples are hybridized to the microarrays (center).  The net result of this complex multi-
step procedure is increased understanding of the effects of chemical toxicants. 
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data that will permit definitive con-
clusions to be made about gene 
expression, it is important that all 
steps involved in this technology 
are optimized and standardized to 
reduce experimental error.  Such 
need for standardization has been 
recently reviewed [1, 2].  The ex-
periments reported here describe 
approaches undertaken to optimize 
each step and decrease variability 
in microarray technology in order to 
generate reliable data.  In addition, 
an evaluation of automated mi-
croarray hybridization instruments 
is provided.  Examples are given of 
spotted oligonucleotide glass slide 
microarrays, although many of the 
lessons learned are applicable to in 
situ synthesized microarrays, such 

as those from Affymetrix and 
Agilent Technologies [3-5], and 
cDNA microarrays [6, 7].   
     Microarray technology allows the 
relative gene expression levels to 
be determined among sets of bio-
logical samples, including tissue 
and cell samples from experimental 
animal models, humans, lower or-
ganism models, etc.  In the field of 
toxicogenomics, which applies new 
high-throughput genomic technolo-
gies to toxicology, a typical applica-
tion would involve the determination 
of gene expression changes associ-
ated with exposure to a toxic com-
pound with the aim to understand 
mechanism or develop biomarkers 
of risk.  A microarray experiment 
utilizes a complex multi-step proc-
ess that is illustrated in Figure 1.  

Initially, a microarray of selected 
genes (called probes) is fabricated 
on a microscope slide.  The genes 
in the experiments reported here 
are unique short oligonucleotides of 
approximately 50-80 nucleotides in 
length that are designed to have 
minimal homology with other genes.  
Collections of large numbers of 
genes (10,000 to 40,000) from vari-
ous organisms, including the rat 
and mouse toxicology model sys-
tems, are available from commer-
cial sources.  These genes come in 
multi-well microplates with each 
gene in a well.  The genes need to 
be dissolved in a printing buffer and 
often transferred to new daughter 
plates before the printing process 
starts.  The transfer is too error-
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prone for laboratory workers to per-
form manually and requires a high 
capacity, liquid-handling robot and 
sample-tracking software.  The 
gene solutions are then deposited 
at known positions on the glass mi-
croscope slide and, after process-
ing the slide to firmly attach the 
genes to the slide, to remove salt 
solutions, and to block reactive 
sites on the glass surfaces, the mi-
croarray is ready for use in an ex-
periment.   
     The preparation of samples is 
also a multi-step process that starts 
with the collection of tissue or cells 
in a manner that preserves the RNA 
integrity.  The RNAs are then used 
to create fluorescent targets that 
will bind by hybridization to their 
specific genes on the microarray.  
These targets are applied to the 
microarray slides under conditions 

that will allow specific and efficient 
binding.  The targets that do not 
bind are subsequently washed 

away, leaving only the specifically 
bound targets.  Using a high resolu-
tion fluorescence scanner, the fluo-
rescent intensity at each gene posi-
tion on the microarray is deter-
mined, and this value is used as a 
measure of expression of each 
gene.  These data are then ana-
lyzed and used to develop knowl-
edge about the effect of a particular 
drug, toxicant, or disease on the 
biological system.  Suggested start-
ing points have been published for 
those new to developing and using 
DNA microarray technology [8, 9].  
However, optimizing all of these 
steps is a challenge, and there is 
ample opportunity for experimental 
variability to mask true biological 
effects.  This manuscript discusses 
some of the main technical issues 
that must be considered and opti-
mized to produce high quality mi-
croarray data. 
     Gene expression is often altered 
as a result of toxicant exposure and 
thus is a sensitive, measurable end-
point for toxicity that may serve as 
an early warning of compromised 
health.  The challenges are to iden-
tify those genes that respond to 
toxicant exposure, to discover novel 
gene interactions, and to improve 
the knowledge of complex regula-
to ry  ne tworks  and c ross-
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A  Gene Machines Default 
     Pin Wash Procedure 
 

1.Sonicate (2 sec.) 
2.Loop (4 times) 

   a. Wash (1 sec.) 
  b. Dry (1 sec.) 

 

 
B  Modified Pin Wash Procedure 
 
 1. Wash (5 sec.) 
 2. Loop (4 times) 

 a. Wash (2 sec.) 
 b. Sonicate (2 sec.) 

 3. Wash (4 sec.) 
 4. Dry (5 sec.) 
 5. Dry (5 sec.) 

Figure 2. Pin washing procedures.  Default pin washing procedures (A) were modified (B) 
to insure complete removal of each oligonucleotide from the printing pin prior to loading 
the next oligonucleotide.  While increasing the pin wash times increases the length of the 
print run, these procedures eliminate any carry-over of oligonucleotides from one feature 
to the next. 
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Figure 3. Carry-over of rTUBA1 during microarray printing.  (A) Alexa 532-labeled oli-
gonucleotide rTUBA1 (20 µM) was printed as the first tap on the slide (rTUBA1).  After 
the pin was cleaned using the default wash procedure shown in Fig. 2A, the pin was 
dipped into water (no oligonucleotide) and then tapped onto the slide (Water).  The pin 
was again cleaned and dipped into printing buffer before tapping on the slide (Printing 
Buffer).  (B) The mean Cy3 channel signals from 4 arrays printed on 3 slides are shown.  
Using the wash procedure outlined in Fig. 2A, sufficient rTUBA1 remained on the pin to 
cause a carry-over Cy3 channel signal that was 5% of rTUBA signal. 



communication be-
tween different path-
ways during various 
chemical exposures.  
Microarray analyses 
provide a potential so-
lution in that they 
measure the expres-
sion of thousands of 
genes simultaneously, 
providing data on the 
patterns of mRNA ex-
pression for most 
genes expressed in 
cells [6, 7, 10-12].  An 
important aspect of this 
technology is its use as 
a tool for the identifica-
tion of molecular 
mechanisms of toxicity 
[13-15].  Such an ap-
proach enables re-
searchers to identify 
single genes or whole 
genetic pathways that 
are involved in confer-
ring resistance or sen-

sitivity to toxic sub-
stances. Based on sig-
nature expression pro-
files of known toxicants, 
this technology holds 
promise to allow the 
characterization of un-
known toxic com-
pounds and an under-
standing of mecha-
nisms of action of their 
toxicity [16-20]. 
     Typically, toxicolo-
gists have used rodent 
bioassays that require 
high doses, often take 
years to complete, and 
are expensive to iden-
tify potentially hazard-
ous substances.  This, 
coupled with traditional 
methods in molecular 
biology working on a 
“one gene at a time” 
basis, severely limits 
throughput for mecha-
nism-based studies.  
By contrast, the analy-

sis of the expression of 
thousands of genes in one 
experiment allows investi-
gators to address important 
biological questions that 
have not been easily ad-
dressed with traditional ex-
pression-based technolo-
gies, such as Northern 
blots, in situ hybridizations, 
or RNase protection as-
says.  Thus, DNA microar-
ray technology, which can 
be used to analyze 
changes in genome-wide 
patterns of gene expres-
sion, is one new methodo-
logical advance that can 
dramatically accelerate the 
way toxicological problems 
are investigated [13]. 
     The FDA anticipates the 
use of DNA microarray-
based medical devices, as 
well as the submission of 
toxicogenomics data for 
support of investigational 
new drug applications 
(INDs), new drug applica-
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Figure 4. Oligonucleotide carry-over analysis.  The means of the Cy3 
and Cy5 channel feature intensities of the last printed oligonucleotide 
(L) of each of 16 subarrays is shown.  In addition, the feature intensi-
ties of spots printed from the following 5 wells (which contained printing 
buffer alone) are shown (1-5).  The modified pin washing procedure 
(Fig. 2B) eliminated any signal in the blank feature locations.  This is 
data from a 4000 rat gene microarray hybridized with a rat tissue sam-
ple. 
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Figure 5.  Background fluorescence from microarray substrates.  Glass slides with the following 
substrate coatings were examined for background fluorescence in both the Cy5 (A) and Cy3 (B) 
channels.  Microarray slides were: (1) in-house prepared poly-L-lysine coated slide; (2) poly-L-lysine 
coated slide from Erie Scientific; epoxy coated slide from MWG (3), GeneMachines (4), or Full 
Moon BioSystems (5); and aminosilane coated slide from Clontech (6).  Slides were scanned using 
the Axon 4000B microarray scanner with laser power of 100% and photomultiplier gains set to 600.  
The data are means +/- SD of the median intensities of 20,160 spots (100 mm diameter) covering 
the printable area on each slide.  Note different y-axis scales in (A) and (B). 



tions (NDAs), and biologics license 
applications (BLAs) [21].  This will 
create new challenges in the 
evaluation of such state-of-the-art 
technology.  In response, the FDA 
has taken a proactive position by 
sponsoring workshops [22], publish-
ing regulatory science perspectives 
[23], and creating draft guidance 
documents such as “Pharma-
cogenetic Tests and Genetic Tests 
for Heritable Markers; Draft Guid-
ance for Industry and FDA 
Staff” (www.fda.gov/cdrh/oivd/
guidance/1549.pdf). In November 
2003, the FDA issued the “Draft 
Guidance for Industry: Pharmaco-
genomic Data Submissions” (http://
w w w . f d a . g o v / c d e r /
guidance/5900dft.pdf) to encourage 
the use of toxicogenomics data dur-
ing drug development.  This docu-
ment outlines how and what data 
should be presented to FDA and 
how it will be used.  In addition, the 
FDA is encouraging the voluntary 
submission of toxicogenomics data 
sets so the Agency can “be pre-

pared to appropriately evaluate the 
anticipated future submissions” and 
so FDA scientists can develop an 
understanding of relevant scientific 
issues.  The MicroArray Quality 
Control (MAQC) project, a large 
multi-institution collaboration involv-
ing FDA Centers, major providers of 
microarray platforms and RNA sam-
ples, EPA, NIST, academic labora-
tories, and other stakeholders,  has 
also been recently implemented to 
provide quality control tools to the 
microarray community.  The out-
come of the MAQC project will be 
large publicly available reference 
datasets along with readily accessi-
ble reference RNA samples.  These 
will be used to help avoid proce-
dural failures and to develop guide-
lines for microarray data analysis.   
Complete information can be found 
at: (http://www.fda.gov/nctr/science/
centers/toxicoinformatics/maqc/
index.htm). Thus, the FDA is antici-
pating that pharmacogenomics 
data, including DNA microarray 
data, will become important infor-
mation in the assessment of INDs, 

NDAs, and BLAs.  Because of the 
complex nature of collecting such 
data and the potential high degree 
of variability introduced to the data-
sets by sub-optimal procedures and 
unrecognized sources of variability, 
observations and experiences with 
these issues are reported here.  In 
addition, guidance is offered on 
how such problems can be over-
come. 
 
Fabrication of Microarrays 
 
     Oligonucleotide microarrays.  
Spotted oligonucleotide arrays ex-
hibit a number of advantages over 
cDNA arrays [24, 25].  For example, 
oligonucleotides can be synthe-
sized such that homologous se-
quences between genes can be 
excluded, thereby enhancing speci-
ficity.  In addition, a given gene can 
be represented by a set of different 
oligonucleotides targeting different 
regions or exons, thereby allowing 
for the detection of splice variants, 
or the discrimination of closely re-
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Figure 6. Feature intensity as a function of oligonucleotide concentration- poly-L-lysine coated slides.  Alexa 532-labeled oligonucleotide 
rTUBA1 was printed onto poly-L-lysine coated slides from Erie Scientific at concentrations of 40, 20, and 10 µM.  Following post-
processing (A) or mock hybridization (B), the microarrays were scanned.  When normalized to the 40 µM concentration, the ratios of Cy3 
channel signal intensities were 1, 0.71, and 0.56 after post-processing and 1, 0.53, and 0.34 after mock hybridization. The spotting buffer 
and water (*) were at background levels. 
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lated genes, strains, or species.  
Also, cross-hybridization, which can 
severely mask true gene expres-
sion changes, is more of a problem 
with cDNA arrays than with oligonu-
cleotide arrays.  Oligonucleotide 
microarrays, therefore, offer poten-
tially greater specificity and are an 
alternative to expensive cDNA li-
brary maintenance and amplifica-
tion. 
     Microarray printing.  The first 
step in conducting microarray ex-
periments is to print (or spot) the 
oligonucleotide solutions onto a 
series of glass microscope slides 
that have been coated with a sub-
strate capable of binding the oli-
gonucleotides.  Many variables 
(e.g., printing pins, printing buffers, 
pin washing procedures, oligonu-

cleotide sources, slide substrates, 
temperature, and humidity) must be 
optimized to insure high quality ar-
rays.  Many of these variables have 
been examined in some detail for 
specific combinations of printing 
pins, printing buffers, temperature/
humidity, etc. [26-29].  In the stud-
ies described here, all microarrays 
were printed using ArrayIt SMP3 
printing pins (TeleChem Interna-
tional, Inc., Sunnyvale, Calif.) on 
the GeneMachines OmniGrid 100 
printer (Genomic Solutions, Ann 
Arbor, Mich.).  The ArrayIt SMP3 
pins print oligonucleotides in a vol-
ume of 0.6 nl with diameters of ap-
proximately 100 µm.   Rat, mouse, 
and human oligonucleotide libraries 
were purchased from BD Biosci-
ences Clontech (San Jose, Calif.) 
and mouse oligonucleotides from 
MWG Biotech (High Point, N.C.).  

Either ArrayIt Micro Spotting Plus or 
MWG Spotting Buffer A printing 
buffers were used to print the oli-
gonucleotides from 384-well poly-
propylene microplates.  Satisfactory 
probe spots were obtained using 
GeneMachines OmniGrid 100 in-
strument settings of a dip time (the 
time the printing pins are immersed 
in the oligonucleotide solution) of 
500 milliseconds and the minimum 
print time (the time the pins are in 
contact with the slide substrate).  
Following the dipping of the pins in 
the oligonucleotide solutions, the 
excess liquid is removed by 
“blotting” the pins using 12 con-
secutive taps at a spacing of 475 
µm on a glass blot pad coated with 
poly-L-lysine.  These instrument 
settings are adjustable and may 
need fine-tuning for various combi-
nations of DNA, spotting buffer, 
slide surface chemistry, etc. After 
testing combinations of these pa-
rameters, the described settings 
became a standard for the present 
studies.  Settings will also depend 
on the particular microarray printer 
used.  The goal is to standardize as 
many aspects of the microarray 
process as possible in order to re-
duce variability. 
     Pin washing.  Because each 
printing pin is used multiple times 
during a print run (410 times for 
printing 20,000 mouse oligonucleo-
tides onto a glass microscope 
slide), every pin must be thoroughly 
cleaned after it prints each oligonu-
cleotide onto the slides and before 
it dips into the next oligonucleotide 
solution.  Any “carry-over” of oli-
gonucleotide from one spot to the 
next would result in erroneous data.  
To assess potential oligonucleotide 
carry-over, a test oligonucleotide of 
80 nucleotides (complementary to 
the rat tubulin gene; rTUBA1) was 
labeled with a fluorescent dye 
(Alexa 532) and was printed using 
the GeneMachines default wash 
procedure outlined in Figure 2A.  
These data (Figure 3) indicate a 
carry-over of rTUBA1 of approxi-
mately 5% and would present an 
error in gene expression data if this 
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were a real experiment.  To 
eliminate oligonucleotide 
carry-over, both the number 
of pin washes and the wash 
times were increased by over 
4-fold (Figure 2B). 
     A method to determine if 
carry-over is a problem within 
a print run is available in the 
microarrays described here.  
When printing large collec-
tions of oligonucleotides from 
384-well plates, the last plate 
is not completely filled with 
oligonucleotides; the remain-
ing wells contain printing 
buffer only.  Since the printer 
is not stopped until the con-
tents of all the wells have 
been printed, there are blank 
features printed by each print-
ing pin from the buffer-only 
wells.  If carry-over exists, 
fluorescent signal would be 
detected in these blank fea-
tures after hybridization.  Fig-
ure 4 shows an analysis of 
the median feature intensi-
ties, after hybridization, of the 
last oligonucleotide printed by 
each of the 16 printing pins 
plus the next five blank fea-
tures.  The data indicate that 
the modified wash procedure 
(Figure 2B) eliminates any 
oligonucleotide carry-over.  
Thus, probe carry-over con-
tamination can be monitored 
for each printing pin on each 
microarray slide. 
     Microarray slide sub-
strates and background fluores-
cence.  In construction of oligonu-
cleotide microarrays, the probes 
must bind to a substrate (thin reac-
tive coating) applied to a micro-
scope slide.  In addition to high lev-
els of oligonucleotide binding, the 
substrate should be stable, have 
low inherent fluorescence, be free 
of localized optical anomalies, be 
cost-competitive, and offer ease of 
downstream processing of printed 
microarrays.  An assessment of 
several microarray substrates pro-
duced in-house and from different 
commercial sources was con-

ducted.  These included poly-L-
lysine produced in-house and pur-
chased from Erie Scientific Co. 
(Portsmouth, N.H.); epoxy from 
GeneMachines, MWG, and Full 
Moon BioSystems, Inc. (Sunnyvale, 
Calif.); and aminosilane from Clon-
tech.  All of the slides were clear 
and free of surface defects; how-
ever, there were slight differences 
in inherent background fluores-
cence (Figure 5).   While the signal 
from the Cy5 channel was quite low 
and uniform for all the slide types 
(Figure 5A), the signal from the 
Cy3 channel exhibited greater vari-

ability between slide types with the 
signal from the Full Moon BioSys-
tems epoxy slides and the Clontech 
aminosilane slides significantly 
higher than those from the other 
slides.  The background fluores-
cence from the Clontech aminosi-
lane slides was approximately twice 
that of the poly-L-lysine coated 
slides (Figure 5B).  Such back-
ground fluorescence will negatively 
impact the signal-to-noise ratio and 
result in reduced ability to detect 
signif icant gene expression 
changes.  Similar findings have 
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Figure 8. Feature size characteristics across a print run.  Clontech rat oligonucleotides (20 µM) 
were printed on Erie poly-L-lysine coated slides in MWG Spotting Buffer A.  Scans after post-
processing were done using the Axon Instruments GenePix 4000B scanner with the laser power 
set at 100% and the PMT gains set at 600 for both the Cy3 and Cy5 channels.  The “Find Irregu-
lar Features” option of GenePix Pro 5 software was used to produce the most accurate definition 
of feature boundaries.  (A) The mean number of pixels per feature is presented as a function of 
the number of microarrays printed with one load of the printing pin.  (B) The means of the median 
feature intensity are presented as a function of the number of microarrays printed.  (C) Mean 
numbers of feature pixels after post processing (■) are shown along with the corresponding mean 
numbers of feature pixels after hybridization (○) as a function of number of microarrays printed. 
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been reported by others [29]. 
     Inactivating reactive sites on the 
poly-L-lysine slides after printing of 
the o l igonucleot ides (post-
processing) can be accomplished 
using bovine serum albumin (BSA) 
as a blocking agent in an open 
laboratory environment.  By con-
trast, the succinic anhydride post-
processing procedure recom-
mended for aminosilane coated 
s l ides requires 1-methyl-2-
pyrrolidone, which must be used in 
a fume hood.  Based on the scan 
data, ease of post-processing, and 
subjective evaluation of other crite-
ria listed above, the poly-L-lysine 
slides exhibited low background 
fluorescence and were cost-
effective for microarray experi-
ments.  Other combinations of slide 
substrates and blocking reagents 
may provide adequately low levels 

of background fluorescence, but it 
is important to find such combina-
tions and standardize them in order 
to reduce variability. 
     Feature intensity as a function 
of oligonucleotide concentration.  
For microarray experiments to yield 
accurate and meaningful data, the 
oligonucleotide printed onto the 
substrate must be in excess of the 
amount of each individual labeled-
cDNA applied during hybridization.  
Most microarrays are constructed 
using oligonucleotide solutions in 
the range of 20 µM to 50 µM.  To 
assess the binding capacity of poly-
L-lysine slides, various concentra-
tions of a fluorescently labeled oli-
gonucleotide (rTUBA1 as described 
above) were printed on the slides 
and the signal quantified.  Micro 
Spotting Solution Plus (ArrayIt) 
spotting buffer and water were also 
printed on these arrays as negative 

controls.  Microarrays were 
scanned after post-processing and 
after a mock hybridization, i.e., us-
ing hybridization buffer only with no 
labeled cDNA.  Figure 6 shows that 
relatively good proportionality exists 
between the amount of oligonucleo-
tide printed and the feature intensity 
signal detected after post process-
ing or after a mock hybridization.  
Little signal is lost during the hy-
bridization. 
     In a separate experiment, 
rTUBA1, at concentrations of 40, 
20, and 10 µm, with and without 
Alexa 532 covalently bound, was 
printed on aminosilane coated 
slides (Figure 7).  Following post 
processing, these slides were 
stained with POPO-3 (Molecular 
Probes, Eugene, Ore.), a highly 
sensitive dimeric cyanine fluores-
cent nucleic acid stain, and 
scanned.  These data also show a 

direct correlation between the 
amount of oligonucleotide 
printed onto the slide and the 
Cy3 intensity signal after post-
processing.  Thus, under these 
conditions, the binding of oli-
gonucleotides to the substrate is 
proportional to the oligonucleo-
tide concentration.  Recently, it 
has been shown that there are 
significant DNA retention differ-
ences among slide types, and 
that the retention characteristics 
can decay with time [30].  Our 
method of evaluating the binding 
of oligonucleotides will be a use-
ful tool for monitoring any 
changes in DNA binding and 
retention properties of slide sub-
strates. 
     Quality control prior to hy-
bridization.  Because of the 
time, expense, and frequently 
limited amount of sample RNA 
available, quality control scans 
of all post-processed microarray 
slides are routinely conducted 
prior to using them for hybridiza-
tions.  Analysis of the low level 
autofluorescence of the oligonu-
cleotides (discussed in detail 
below) can be used as a tool to 
monitor feature characteristics, 

(Continued from page 7) 
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Table 1. Stability of RNA stored in water at -80º C 
 
a RNA was isolated using the TriReagent method from individual rat livers, and the RNA was 
dissolved in sterile water and stored in small aliquots at -80º C. 
b RNA Integrity Number (RIN) was assigned by the Agilent Bioanalyzer software and is a 
measure of RNA quality as described in the text. 
c Date of evaluation of RNA. 
d Difference between the average of the 8/04 RIN values and the original 6/6/02 RIN values. 
e P-values tested a one-sided hypothesis that the original RNA has a higher RIN score than 
the RNA stored in water for more than 2 years. 

Sample a 

RNA Integrity Number b 

P e 6/6/02 c 8/4/04 8/16/04 8/16/04 

Average 
of 8/04 

measure-
ments 

Differ-
ence d 

1A 7.5 7.5 7.7 7.5 7.6 -0.07 0.59 

1B 7.6 7.0 7.1 6.7 6.9 0.67 0.01 

1D 8.1 7.7 8.0 7.8 7.8 0.27 0.17 

2B 7.9 7.8 8.0 7.7 7.8 0.07 0.41 

2D 8.4 7.9 8.5 7.7 8.0 0.37 0.10 

3A 8.5 7.9 8.2 7.7 7.9 0.57 0.03 

3B 8.2 8.1 8.5 8.1 8.2 -0.03 0.55 

3D 7.1 7.6 - 7.4 7.5 -0.40 0.91 

4B 7.8 7.2 - 7.3 7.3 0.55 0.04 

4C 7.7 7.2 7.6 7.2 7.3 0.37 0.10 

4D 7.8 7.1 7.7 7.1 7.3 0.50 0.04 



as well as the general quality of the 
microarrays prior to hybridization.  
Slides that have dust particles, 
within or closely adjacent to oli-
gonucleotide features, or that show 
evidence of possible substrate 
separation are discarded.  This in-
sures that RNA samples and hy-
bridization reagents are not wasted 
due to a defective or substandard 
microarray.  Figure 8A shows the 
mean numbers of pixels per mi-
croarray feature during a print run 
of 120 microarrays.  As can be 
seen, there is an approximately 
40% decrease in the number of pix-
els per feature area during a print 
run.  Despite this reduction in the 
number of pixels per feature, the 
median feature pixel intensities re-
main constant (Figure 8B), indicat-
ing that while the absolute amount 
of oligonucleotide deposited on the 
slide decreases, the density of the 
oligonucleotide on the slide remains 
constant.   Figure 8C shows a 
close correspondence between the 
number of pixels per feature before 
and after hybridization.  These 
analyses indicate that, while feature 
size decreases during a print run, it 
does not affect the outcome of the 
data analysis based on median fea-
ture intensity.  
 
RNA Preparation 
 
     High quality RNA samples are 
key to obtaining reliable microarray 
data.  An otherwise successful mi-
croarray experiment will be com-
pletely invalidated by beginning with 
samples of degraded RNA.  It has 
been demonstrated that up to three-
quarters of differential gene expres-
sion can be due solely to differ-
ences in RNA integrity between 
samples [31].  Another study con-
firms the decrease in data quality 
obtained from degraded sample 
RNA, although it is suggested that 
“moderate” degradation may yield 
usable results [32].  Several widely 
used RNA isolation methods were 
investigated for the purification of 
intact RNA from the livers of mice, 
i n c l ud i ng  T r iReag en t  [ 33 ] 

(Molecular Research Center, Inc., 
Cincinnati, Ohio), FastRNA Pro 
Green Kit for animal tissue 
(Qbiogene, Inc., Carlsbad, Calif.), 
and Qiagen RNeasy Kit (Qiagen 
Inc., Valencia, Calif.).  Pieces of 
fresh liver tissue rapidly removed 
from humanely euthanized mice 
were used in all procedures, and 
RNA was extracted from three tis-
sue samples by each method.  The 
tissue samples processed with Tri-
Reagent and the RNeasy Kits were 
disrupted using the manufacturers 
recommended conditions with a 
motor-driven Teflon pestle in a 
tight-fitting centrifuge tube.  The 
tissue samples processed with the 
FastRNA Kit were disrupted with 
the FastPrep cell disruptor 
(Qbiogene, Inc., Carlsbad, Calif.), 
which uses a high-speed recipro-
cating device to propel small beads 
into the tissue.  After RNA isolation, 
the RNA quality was assessed by 
capillary electrophoresis using the 
Bioanalyzer 2100 (Agilent Tech-
nologies, Palo Alto, Calif.).  As can 
be seen in Figure 9, the nine sam-
ples were all of similar high quality 
with little degradation.  The Bioana-
lyzer uses software to assess the 

quality of the RNA based on the 
electrophoretic tracings and calcu-
lates an RNA Integrity Number 
(RIN) that ranges from 10 for 
“perfect” intact RNA to 1 for com-
pletely degraded RNA.  The aver-
age RIN was 9.0, with all except 
one sample being > 8.4.  The RNA 
d e g r a d a t i o n  s o f t w a r e 
(Degradometer) [31] was also 
evaluated, and a good correlation 
was found between the RIN values 
and the Degradometer values 
(R=0.8).   Thus, each method can 
produce high quality RNA.  The 
Qiagen kit provided advantages of 
ease of use and consistency. 
     RNA samples dissolved in ster-
ile, RNase-free water are often con-
veniently stored at -80º C until use.  
Extended storage of RNA under 
these conditions may result in deg-
radation of the RNA.  To investigate 
this, RNA samples were evaluated 
using the Agilent Bioanalyzer be-
fore and after more than two years 
under these conditions.  Table 1 
shows that the integrity of 4 of 11 
samples was significantly reduced 
and, that overall there was a signifi-
cant decline in the average RIN 

(Continued from page 8) 
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Samples 

Reaction components Dye incorpo-
rated into 

cDNA (pmol) 
Cy3/Cy5 

Nucleotide/
dye ratio in 

cDNA 
Cy3/Cy5 

Amount of 
total RNA 
(µg) 

aa-dUTP/ 
dTTP 

Cy dyes 
(pmoles) 

  
A / Ba 

  

  
  10 µg 

  
         2:3 

  
     6,250 

  
226 / 306 

  
80 / 63 

  
A / B 

  
  10 µg 

  
         2:3 
 

  
   20,000 

  
300 / 302 

  
54 / 57 

  
A / B 

  
  10 µg 

  
         7:3 

  
   20,000 

  
544 / 342 

  
29 / 50 

  
  

A / B 
  
  10 µg 

  
         7:3 

  
   40,000 

  
343 / 321 

  
44 / 49 

  
    A / B 

  
  20 µg 

  
         7:3 

  
   40,000 

  
380 / 266 

  
53 / 77 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2. Dye incorporation into cDNA 
 
a Sample A (rat liver RNA-1) labeled with Cy3 and sample B (rat liver RNA-2) 
labeled with Cy5.  



value of 0.26 (p = 0.01).  While sig-
nificant, this relatively modest re-
duction in RNA quality, over a pe-
riod of two years, suggests that 
storage of RNA under these condi-
tions for relatively short periods of 
time may not negatively impact mi-
croarray results.   
 
Preparation of Labeled Targets 
 
     Aminoallyl concentration and 
dye incorporation. The indirect 
labeling of sample RNA involves 
the production of cDNA containing 
amino groups through the inclusion 

of aminoallyl-dUTP (aa-dUTP) in 
the reverse transcription reaction.  
In a subsequent reaction, the 
amine-reactive fluorescent mole-
cules, cyanine-3 (Cy3) or cyanine-5 
(Cy5) [34], are attached to the in-
corporated amino groups in the 
cDNA creating the labeled target 
molecules.  Recent studies have 
described various characteristics of 
this labeling scheme and have sug-
gested optimal labeling densities 
and reaction conditions [35-37].  
Even though these guidelines exist, 
it is important to optimize the label-
ing reactions in an individual labora-
tory under site-specific conditions.  

Starting with total RNA from the 
samples, the effects of the ratio of 
aa-dUTP to dTTP, the amount of 
RNA in the reverse transcription 
reaction, and the amount of reactive 
fluorescent dyes were examined.  
Table 2 shows that highly fluores-
cent targets can be created from 10 
µg of total RNA, with the highest 
specific activities (low nucleotide to 
dye ratios) obtained by using more 
aa-dUTP and large amounts of re-
active dyes.  When hybridized to 
microarrays, it was found that a ra-
tio of aa-dUTP to dTTP of 2:3, and 
6,250 pmoles of reactive dyes re-

(Continued from page 9) 
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T1-M1 
RIN: 9.4 

 

T1-M2 
RIN: 9.5 

 

T1-M3 
RIN: 8.4 

 

T2-M1 
RIN: 9.1 

 

T2-M2 
RIN: 9.7 

 

T2-M3 
RIN: 8.5 

 

T3-M1 
RIN: 7.7 

 

T3-M2 
RIN: 9.0 

 

T3-M3 
RIN: 9.3 

 

Figure 9. Comparison of RNA isolation procedures.  RNA was purified from 3 mouse livers (T1-T3) by three different methods (M1: 
FastPrep; M2: Qiagen RNAeasy kit; M3: TriReagent) as described in the text.  The integrity of the RNA was evaluated using the 
Agilent Bioanalyzer.   Electrophoretic tracings are shown along with the RNA integrity number (RIN). 



sulted in acceptable signal-to-noise 
ratios and was cost effective.         
     Quality of purification col-
umns. The synthesized aminoallyl-
cDNA was purified with the widely 
used QIAquick PCR purification 
columns (Qiagen, Valencia, Calif.) 
before labeling with the reactive 
dyes.  These columns were then 
used to remove uncoupled fluores-
cent dye from the fluorescently la-
beled cDNA.  Therefore, the quality 
of the columns is a critical factor as 
faulty columns might result in insuf-
ficient recovery or purity of the sam-
ple loaded on the column.  An ex-
periment was carried out where 
cDNA synthesized from six RNA 
samples was pooled together, split 
into six samples, and passed 
through three columns each from 
two different QIAquick PCR purifi-
cation kits with different lot num-
bers.  Use of one lot of columns 
resulted in losses of greater than 
30% of the cDNA (data not shown).   
     In another experiment, samples 
with known amounts of cDNA were 
passed through columns to check 
the efficiency of recovery from the 
columns.  Table 3 shows that one 
lot of columns resulted in poor and 
highly variable recovery of the 
cDNA (samples 1-5; recovery 
ranged from 15% to 73%), while the 

use of columns from a different lot 
resulted in good recovery of the 
cDNA (samples 6-9; 84% to 90%).  
Such poor recovery of cDNA would 
ultimately affect the quality of the 
microarray.  Thus, these widely 
used purification columns can be 
the source of significant loss of 

cDNA that will result in 
reduced signal-to-noise 
ratios.  These data also 
indicate the importance of 
monitoring cDNA yield at 
the end of the synthesis 
and labeling procedures. 
     These results clearly 
indicated that the quality 
of the purification col-
umns is very important 
for consistent and high-
level recovery of cDNA, 
as well as fluorescently 
labeled cDNA.  There-
fore, before initiating any 
microarray experiment, it 
may be necessary to per-
form a pilot experiment 
with cDNA samples to 
determine the quality of 
the purification columns.  

Indeed, this illustrates the need to 
institute quality control criteria on all 
aspects of the microarray proce-
dure. 
     Effect of dimethylsulfoxide on 
dye coupling. As described above, 
aminoallyl-cDNA was labeled with 
either Cy3 or Cy5 fluorescent mole-
cules.  Cyanine dyes provided in 
lyophilized form were suspended in 
dimethylsulfoxide (DMSO) prior to 
labeling reactions.  Dimethylsulfox-
ide is hydroscopic in nature and, as 
cyanine dyes are rapidly hydrolyzed 
in water, it is important to use 
DMSO that has not been exposed 
to humid air.  The effect of DMSO 
on dye coupling was examined by 
using DMSO from newly opened 
vials and DMSO that had been 
opened and used in the laboratory 
environments, and then stored in a 
desiccator for several months.  Ta-
ble 4 shows a profound reduction in 
dye incorporation, as evidenced by 
a poor nucleotide/dye ratio, as a 
result of using “old” DMSO com-
pared to freshly opened “new” 
DMSO.  From these results, it is 

(Continued from page 10) 
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Table 3. Effect of columns on the recovery of cDNA 
 
a cDNA samples 1-5 were passed through a single lot 
of QIAquick PCR Purification columns while samples 
6-9 were passed through a different lot of columns. 

Sample a 
cDNA (pmol) Recovery 

(%) Expected Observed 

1 18020 9557 53 

2 17274 12697 74 

3 20072 8045 40 

4 17267 2538 15 

5 16960 8695 51 

6 13491 11363 84 

7 20024 17247 86 

8 14613 12978 89 
9 20230 18266 90 
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Figure 10. Autofluorescence of features.  Approximately 96 oligonucleotides from each of 
three manufacturers were printed at two concentrations on the same poly-L-lysine coated 
slides.  The Cy3 channel median intensity (an indication of autofluorescence) of each fea-
ture is shown.  The features are approximately 100 µm in diameter.  Slides were scanned 
using the Axon 4000B microarray scanner with laser power of 100% and PMT gains set to 
600. 
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evident that the quality 
of DMSO is a major 
factor in generating 
highly fluorescent tar-
gets.      
     Amount of dyes 
for optimal signal 
intensity. Several 
properties of the fluo-
rescently labeled 
cDNA can be deter-
mined from spectro-
photometric analysis 
before these targets 
are used on a microar-
ray slide.  Absorbance 
at 260 nm can be 
used to calculate the 
amount of cDNA, and 
the absorbance of the 
Cy3 and Cy5 at their 
absorption maxima 
can be used to calcu-
late the amount of the 
dyes incorporated into 
the cDNA [38].  Thus, 
the overall amount of 
label in each sample, 
as well as the nucleotides of cDNA 
to dye ratio (a measurement similar 
to specific activity in radioactive 
probes) can be calculated.  The 
amount of dye incorporated into 
samples used within an experiment 
should be consistent in order to 
minimize variability.  It would be 
expected that the higher the dye 
concentration in the target sam-
ples, the brighter the signal on the 
microarray.  An experiment was 
carried out in which one set of mi-
croarrays was hybridized with sam-
ples containing 50 pmoles each of 
Cy3 and Cy5 dye, and another set 
of microarrays was hybridized with 
samples with dye incorporation of 
more than 200 pmoles each of Cy3 
and Cy5 dyes.  These microarrays 
were scanned on a Genepix 4000B 
scanner with balanced PMTs.  The 
average signal/noise ratio for mi-
croarrays hybridized with more 
than 200 pmoles of fluorescent 
dyes was 24.2 for Cy3 and 12.6 for 
Cy5.  This was more than 2.5 times 
higher for both Cy3 and Cy5 chan-
nels than the signal/noise ratio for 

arrays hybridized with 50 pmoles of 
dyes.  This allows the detection of 
lower expressing genes and per-
mits the more accurate analysis of 
the microarray data. 
 
Autofluorescence 
 
     Autofluorescence of features 
as a factor in microarray quality.   
Autofluorescence, defined as the 
presence of feature-originating sig-
nal in the absence of fluorescing 
dye from cDNA targets, is com-
monly observed in microarrays and 
is commonly found only in the Cy3 
channel [39, 40].  It is often of un-
known origin and has a slightly 
different fluorescence spectrum 
than Cy3 [39].  This problem can 
cause a decrease in sensitivity of 
fluorescence detection in that 
channel and can lead to erroneous 
intensity values and ratios in low 
intensity features.  This can be 
problematic in flip-dye experiments 
because there will always be sub-
stantial amounts of fluorescence in 
the Cy3 channel, in addition to the 

gene-specific contribution from the 
labeled cDNA.  Studies have 
shown that pre-hybridization scans 
cannot be used to predict the post-
hybridization autofluorescence of 
the features because of the dra-
matic variation seen across individ-
ual arrays [39].  Therefore, this 
potential problem should be inves-
tigated, avoided, and/or corrected 
when possible.  If the problem 
goes unrecognized, it will mask 
true gene expression changes.   
     Substantial autofluorescence 
was noted on slides printed with 
rat, mouse, and human oligonu-
cleotide collections from Clontech 
when the genes were printed in 
either Micro Spotting Solution Plus 
buffer (ArrayIt) or Printing Buffer A 
(MWG).   Intensities of the spots 
varied over an order of magnitude, 
from approximately 100 to >2000 
relative fluorescent units (rfu) un-
der standard scanning conditions.  
In contrast, blank features (buffer 
only) assessed in the Cy3 channel 
and all features analyzed in the 

(Continued from page 11) 
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Sample a 

Old DMSO New DMSO 

Dye incorporation 
(pmol) Nucleotide/dye Dye incorporation 

(pmol) Nucleotide/dye 

Cy3 Cy5 Cy3 Cy5 Cy3 Cy5 Cy3 Cy5 

1 102 - 121 - 202 - 72 - 

2 114 - 114 - 200 - 82 - 

3 80 - 230 - 288 - 64 - 

4 49 - 327 - 276 - 65 - 

5 86 - 224 - 249 - 69 - 

6 - 149 - 96 - 243 - 57 

7 - 171 - 78 - 217 - 61 

8 - 64 - 235 - 241 - 71 

9 - 97 - 205 - 195 - 77 

10 - 73 - 237 - 192 - 67 

Table 4.  Effect of DMSO on dye incorporation 
 

a Samples were RNA from mouse liver and from a mouse lymphoma cell line.  Two 10-µg aliquots of 
each RNA were converted to cDNA, and one was labeled with Cy dyes dissolved in “old” DMSO and 
the other labeled with Cy dyes dissolved in “new” DMSO. 



Cy5 channel exhibited relatively 
constant intensities with an average 
feature intensity of 98 rfu with a 
background slide fluorescence of 
91 rfu.  After hybridizing these 
slides under standard conditions in 
the absence of labeled cDNA (mock 
hybridization), the autofluorescence 
signal in the Cy3 channel was re-
duced by about half.  The Cy5 fea-
ture intensity remained slightly 
above background with a mean in-
tensity of 72.  This level of autofluo-
rescence on the spots prevents the 
accurate measurement of low ex-
pressing genes. 
     To determine the source of this 
problem, the printing buffer, the wa-
ter used to dilute the printing buffer, 
the Seal & Sample Aluminum foil 
lids used to seal oligo plates for 
storage, and oligo source were con-
sidered as possible causes of the 
contaminating feature fluorescence.  
The data in Figure 6 indicate that 
neither printing buffer nor water 
contributed significantly to the auto-
fluorescence. 
     Another potential source of auto-
fluorescence was the possible ad-
sorption of organic molecules, or 
some other substance, into the 

oligo solution from the adhesive 
Biomek Seal & Sample Aluminum 
foil lids (Beckman, Fullerton, Calif.) 
used to seal the 384-well plates 
used during freezer storage.  To 
test this possibility, DNA solutions 
were spotted onto the foil for vary-
ing lengths of time and then spotted 
onto slides.  Additionally, slides with 
spotted arrays were sealed in 
chambers containing the adhesive 
aluminum foil for varying lengths of 
time.  There was no increase in 
fluorescence, indicating that the 
adhesive foils were not the source 
of feature-localized autofluores-
cence. 
     Oligonucleotides from three dif-
ferent suppliers were examined for 
feature-localized autofluorescence.  
Sample plates were obtained from: 
MWG Biotech AG (Ebersberg, Ger-
many), Operon Technologies 
(Valencia, Calif.), and Sigma Geno-
sys (Woodland, Texas).  Each plate 
of oligos was reconstituted with 
printing buffer and printed at two 
concentrations sequentially on the 
same slides for evaluation.  The 
MWG oligos were printed at 50 µM 
and at 20 µM.  The Operon and 
Sigma oligos were each printed at 
40 µM and at 20 µM.   After print-

ing, the slides were 
scanned on the Axon 
4000B scanner at 600 
PMT setting with 100% 
laser power (typical set-
ting for microarray scan-
ning).  The Cy3 intensity 
for each feature was 
plotted against feature 
position on the printed 
slide (Figure 10).  
These experiments indi-
cated that MWG oligos 
had the least autofluo-
rescence with a mean 
Cy3 feature intensity of 
192 rfu at 50 µM and 
156 rfu at 20 µM.  The 
mean Cy3 feature inten-
sity for the Operon oli-
gos was 414 rfu at 40 
µM and 316 rfu at 20 
µM.  The mean Cy3 fea-
ture intensity for the 
Sigma oligos was 256 

rfu at 40 µM and 215 rfu at 20 µM.   
In conclusion, one evaluation meas-
ure that can be used in combination 
with other performance criteria 
when considering the purchase of 
an oligo library may be the amount 
of feature-localized contaminating 
autofluorescence. 
     The actual cause of feature lo-
calized autofluorescence is un-
known, is often unavoidable, and 
can be variable.  However, it can be 
reduced significantly by chemical 
means.  Sodium borohydride, a re-
ducing agent, has been used to 
reduce autofluorescence from un-
determined sources on microarrays 
[40].    Two protocols [40, 41] using 
sodium borohydride to reduce the 
autofluorescence on in-house mi-
croarrays were evaluated.  Slides 
were scanned before and after 
each treatment.  Results from this 
study showed that both methods 
were effective in reducing the 
amount of autofluorescence, with 
the Raghavachari method produc-
ing a mean percent decrease of 
55.6 ± 5.5 and the Massimi method 
producing a mean percent de-
crease of 44.2 ± 7.3.  By reducing 
the autofluorescence of the fea-
tures, these methods may help to 
increase the sensitivity of fluores-
cence detection in the Cy3 channel.  
While sodium borohydride use, in 
conjunction with oligonucleotide 
collections exhibiting high autofluo-
rescence, will improve detection of 
low expressing genes, it is probably 
not necessary for oligonucleotide 
collections exhibiting low levels of 
autofluorescence. 
 
Hybridization 
 
     Automated hybridization in-
struments. Conventional microar-
ray hybridization is accomplished 
by sandwiching the sample hybridi-
zation solution between a coverslip 
and a DNA microarray, forming a 
capillary gap.  The hybridization 
process relies on diffusion as the 
only means of mixing of labeled 
cDNA with surface-bound probes.  
The calculated movement of a tar-

(Continued from page 12) 
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Figure 11. Diurnal ozone fluctuations.  The means of hourly 
atmospheric ozone levels measured during a 22-day period 
for July 2004 in central Arkansas by the ADEQ are shown.  
Peak ozone concentrations averaged between 46-51 ppb 
between 11:00 a.m. and 4:00 p.m.  Ozone levels during 
this period commonly reach into the 60-70 ppb range and 
can reach as high as 89 ppb. 



get molecule due to diffusion over 
an 18-hour hybridization is less 
than 1 mm [42].  Therefore, each 
arrayed spot is sampling only from 
its immediate environment in the 
absence of mixing, possibly leading 
to depletion of targets resulting in 
inaccurate signal detection.  To 
achieve the maximum specificity 
and sensitivity potential of a mi-
croarray and to decrease intra-slide 
variability and nonuniformity, it may 
be necessary to incorporate mixing 
during hybridization.    
     There are a number of commer-
cially available and prototype hy-
bridization instruments that incorpo-
rate a variety of technologies to ac-
complish sufficient mixing to over-
come the diffusion limitation.   Four 
commercially available hybridization 
systems were evaluated and com-
pared to the currently used manual 
microarray hybridization.  The first 
two instruments (A and B) that were 
evaluated were completely auto-
mated systems that completed both 
the hybridization and post-
hybridization wash steps; the sec-

ond two instruments (C and D) pro-
vided only for the completion of the 
hybridization step in the instrument 
and required completely manual 
post-hybridization washes.  Demon-
stration instruments for three of the 
four instruments (B, C, and D) were 
set up by their respective vendors 
for in-house testing.  Instruction on 
how to use each was also given by 
vendor representatives.  Instrument 
A (discussed below) is large and 
costly and was not available for in-
house testing, so the instrument 
testing was completed in the ven-
dor’s laboratory.   
     System A uses a patented fluid-
like coverslip that creates and main-
tains a humid reaction chamber to 
prevent evaporation.  To facilitate 
mixing, a stream of air is aimed at 
the liquid coverslip, and this creates 
a vortex in the aqueous hybridiza-
tion solution underneath, promoting 
uniform mixing.  To evaluate this 
system a stock of labeled cDNA 
was sent with in-house prepared 
microarrays to the company for hy-
bridization using the instrument.   
Hybridization and wash condition 

information was also 
sent to the company 
for use with the sys-
tem.  A portion of the 
stock labeled cDNA 
was also kept in-
house for completion 
of manual hybridiza-
tions for comparison.  
System B uses a tem-
perature-control led 
chamber for hybridiza-
tion and washing.  Hy-
bridization solutions 
are pumped back and 
forth through the hy-
bridization chamber to 
fac i l i ta te mix ing.  
There were difficulties 
with chamber leakage 
during hybridization 
and/or slide washing, 
which created a prob-
lem with background 
and lack of hybridiza-
tion uniformity on 
some slides.   System 
C uses acoustic 

waves to agitate the sample solu-
tion during hybridization [43].  This 
technology uses a customized agi-
tation chip attached to a glass car-
rier in lieu of a coverslip.  System D 
uses two air-driven bladders con-
tained in the custom made coverslip 
to provide hybridization mixing [44].   
     Systems B, C, and D were com-
pared to in-house manual hybridiza-
tions.  To evaluate each of the sys-
tems, a stock of labeled cDNA was 
made for each experiment and 
used to compare the automated 
and manual hybridizations.  A 5,082 
oligonucleotide array, printed in du-
plicate on each slide, was used for 
each comparison experiment.  After 
hybridization and washing, slides 
were scanned, and the median in-
tensity coefficient of variation (CV) 
for both the Cy3 and Cy5 channels 
was compared between the dupli-
cate arrays for each slide.  The 
mean signal-to-noise (S/N) ratio 
was also compared.    
     As shown in Table 5, none of 
the instruments offered much im-
provement in CVs over the manual 

(Continued from page 13) 
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System a Condition 
Cy5 channel 

median 
CV (%) 

Cy3 channel 
median 
CV (%) 

Cy5 channel 
mean 
S/N 

Cy3 channel 
mean 
S/N 

A Instrument 19.8 24.6 10.7 17.8 

Manual 17.4 12.2 3.2 8.3 

B Instrument 15.9 12.7 14 19 

Manual 26 24.5 10 24 

C 
Experiment 1 

Instrument 16 13 3 4 

Manual 13.5 8.5 2 4 

C 
Experiment 2 

Instrument 21.5 18.5 9 8 

Manual 14 8 3 2 

D 
Experiment 1 

Instrument 14.5 11.8 16 24 

Manual 14 10.5 8 13 

D 
Experiment 2 

Instrument 19.5 16 12 20 

Manual 28 20 4 7 

Table 5.  Median CV and signal-to-noise (S/N) ratios for automated and manual hybridization 
 
 
a Automated hybridization instrument is described in text. 



hybridization method, although 
some of the instruments reduced 
the intra-slide variability.  There was 
often, however, a large improve-
ment in the signal-to-noise ratio 
(presumably due to the mixing that 
each one provided), which would 
allow evaluation of low expressing 
genes.  Because of time and other 
limitations, the performance of each 
instrument could not be extensively 
fine-tuned, and this may have been 

the reason for leakage from some 
instrument chambers.  It is, there-
fore, possible that each system may 
have the potential for improved per-
formance.  In theory, automating 
the hybridization and wash proce-
dures would be expected to reduce 
overall variability. 
     Ozone as a factor in microar-
ray quality.  Ozone (O3) oxidation 
of cyanine dyes, such as the Cy5 
dye molecule, has been identified 
as a cause of reduced Cy5 signal 

intensities in microarrays [45].  Spe-
cific degradation of the Cy5 signal 
would, in turn, result in inaccurate 
gene expression ratios (e.g., Cy5/
Cy3) and erroneous interpretation 
of microarray data.  Ground level 
ozone is present at all times of the 
year but is generally higher during 
the summer months.  Ozone is also 
higher in urban and/or industrialized 

(Continued from page 14) 
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A B 

C D 

Figure 12. Ozone-exposed microarrays.  Microarray images before (A) and after (B) a 5-hour exposure to ambient ozone are shown.  Re-
duction in Cy5 causes the microarray image to have a predominantly green cast.  Corresponding histograms of signal intensities (C and 
D) illustrate that the distribution of intensities in the Cy5 and Cy3 channels are very different after ozone exposure.  Both scans were per-
formed using the same scanner settings. 
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areas as a principal component of 
smog.  The presence of hydrocar-
bons and nitrogen oxide pollutants 
from automobile exhaust and fac-
tory emissions, when combined 
with exposure to sunlight in the 
presence of little air movement, 
leads to the generation of ozone in 
the lower atmosphere.  Ozone lev-
els as low as 5-10 ppb are capable 
of oxidizing Cy5 [45].  Ozone lev-
els measured in central Arkansas 
between July 1 and July 22, 2004, 
averaged 33 ppb but reached a 
high of 89 ppb during this interval 
(Arkansas Department of Environ-
mental Quality (ADEQ); (http://
www.adeq.state.ar.us).  In addition 
to seasonal changes, a diurnal 
variation of ozone levels occurs 
because more ozone is produced 
as the atmosphere heats during 
daylight hours (Figure 11).  These 
data indicated that a peak of 

ozone levels occurs between ap-
proximately 11:00 a.m. and 4:00 
p.m. 
     The problem of microarray de-
terioration became apparent when 
the red fluorescence signal 
seemed to disappear during the 
scanning process.  To follow this 
up, histograms of pixel intensity 
frequencies from oligonucleotide 
microarray scans, done at two time 
intervals, were examined and 
found to be dramatically different 
(Figure 12).  The Cy5/Cy3 inten-
sity ratio of this microarray was 
initially balanced at 1.02.  When 
the microarray was rescanned six 
hours later, under the same instru-
ment settings, the Cy5/Cy3 inten-
sity ratio was reduced to 0.33.  
This change in Cy5/Cy3 intensity 
ratio was primarily due to the re-
duction in Cy5 intensity as can be 
seen by comparison of Figures 
12A and 12B.  However, we have 

also noted a small increase in Cy3 
intensity during these experiments. 
     An attempt to minimize degra-
dation of the Cy5 dye due to the 
“ozone effect” prompted three 
changes in the scanning protocol.  
Firstly, microarray hybridization 
experiments are scheduled so that 
the washing and scanning oc-
curred early in the morning hours 
(7:00-9:00 a.m.) when ozone lev-
els were the lowest.  Secondly, the 
microarray slides are scanned im-
mediately after the final wash.  
This was done by centrifuging the 
slide dry for 10 seconds and plac-
ing it directly into the scanner.  
Thirdly, the installation of carbon 
filters in the heating, ventilation, 
and air conditioning (HVAC) sup-
ply ducts in the microarray labora-
tory dramatically reduced labora-
tory ozone.  The process for add-
ing carbon filtration to our existing 
HVAC system involved several 
steps.  Jefferson Laboratories en-
gineers consulted experts at 
Agilent Technologies, who helped 
select an appropriate carbon 
loaded nonwoven filter; a HEGA 
filter series 2653, which is a 24” x 
24” x 12” carbon filter and which 
has a low pressure drop of 0.3 
inches (water column) at the maxi-
mum air flow rate of 1,100 cubic 
feet per minute.   Because of the 
low pressure drops, these carbon 
filters can be successfully installed 
in many low pressure systems pro-
vided that enough space exists in 
the filter housing.  The laboratory 
was pressurized relative to the 
corridor to prohibit nonfiltered air 
from entering the microarray labo-
ratory.  To reduce particulates in 
the laboratory and prolong the life 
of the carbon filter from three 
months to one year, 95% efficient 
filters were installed in the central 
air handler to replace the existing 
35% efficient filters.   
     It is perhaps important to note 
here that another possible solution 
to the ozone problem was as-
sessed, i.e., purchasing a separate 
enclosure to be constructed within 
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Figure 13. Laboratory ozone levels.  Ozone was measured in the microarray labo-
ratory for 10-day periods before and after HVAC modifications were completed.  
Ozone was reduced from 34-42 ppb before filtration to 2-4 ppb after filtration.  
Ozone levels measured by the ADEQ in central Arkansas during the period corre-
sponding to the after-HVAC modification time averaged between 22 ppb to 47 ppb. 
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the microarray laboratory to ex-
clude ozone.  These units contain 
flexible side panels supported by 
an aluminum frame with an ozone-
filtered air supply at the top of the 
unit.  However, the cost of the 
HVAC modifications to remove 
ozone from the laboratory supply 
air by carbon filtration was about 
one-half of that incurred for the 
purchase of the ozone-filtered en-
closure within the lab.  In addition 
to the cost savings, the entire labo-
ratory is ozone free as opposed to 
the small space enclosed by the 
ozone-free enclosure system. 
     Reduction of ozone in the labo-
ratory by carbon-filtering the sup-
ply air was dramatic (Figure 13).  
Ozone levels were measured us-
ing a Model 450 Ozone Monitor 
(Advanced Pollution Instrumenta-
tion, Inc., San Diego, Calif.) and 
recorded using software con-
structed on site.  Ozone measure-
ments during a 10-day period be-
fore the modifications were begun 
averaged between 34 and 42 ppb 
during the morning (7 a.m. to 9 
a.m.) and during the period of 
peak ozone levels (11 a.m. to 4 
p.m.), respectively.  These read-
ings are in line with the ozone 
readings taken in central Arkansas 
by the ADEQ (42 ppb).  In con-
trast, laboratory air after ozone 
filtration ranged between 2.6 and 
3.0 ppb compared with an average 
of 35 ppb at peak time outside. 
     Using these microarray scan-
ning procedures and engineering 
modifications, ozone degradation 
of the Cy5 dye was minimized 
(Figure 14).  In this experiment 
four microarrays were initially 
scanned in the ozone-filtered labo-
ratory.  After scanning, two of the 
microarrays were moved to the 
adjacent lab without ozone-filtered 
supply air.  All four slides were 
then rescanned at 1-hour and at 6 
hours.  The data indicate a 3% 
reduction of Cy5 intensity after one 
hour in the ozone-reduced labora-
tory but a 55% reduction in the 
nonozone-filtered laboratory.  After 

6 hours Cy5 intensity was reduced 
by 6% in the ozone-reduced labo-
ratory and 65% in the non-ozone-
filtered laboratory.  Cy3 intensity 
increased 3% in the ozone-free 
laboratory and 13% in the nono-
zone-filtered laboratory after 1-
hour.  At 6 hours Cy3 intensity was 
only 2% above initial measure-
ments in the ozone-free laboratory 
but had fallen to 20% below initial 
measurements in the non-ozone-
filtered laboratory.  The effect of 
ozone is to cause an initial in-
crease followed by a subsequent 
decrease in Cy3 intensities as has 
been noted in previous studies 
(data not shown).  Failure to con-
trol ozone in the microarray lab will 
have a large effect on microarray 
data when Cy5 dye is used.  In 
fact, it may be the biggest cause of 
variability in microarray experi-
ments because ratio measure-
ments will be dramatically affected 

by the uncontrolled decay of the 
Cy5 signal.   
 
Summary 
 
Microarray technology holds great 
promise in the regulatory arena for 
drug safety issues.  In addition, as 
biomarkers are discovered, new 
devices involving this technology 
are likely to be developed.  The 
FDA has been proactive in moving 
this technology forward and pre-
paring to accept such data.  One 
of the major hurdles that must be 
overcome before microarray data 
can be reliably used in regulatory 
decision making is the often high 
degree of variability in gene ex-
pression measurements.  The mi-
croarray procedure is a multi-step 
process, and subtle technical is-
sues at each stage of the complex 
method can have major impact on 
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Figure 14. Effect of background ozone on Cy3 and Cy5 channel intensities.  Four 
microarrays were initially scanned immediately after washing.  Two of the slides were 
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cDNA — Complementary DNA.  
It is formed by the conversion of 
RNA (the gene product) to DNA 
and is often used as the target for 
microarray analysis. 
 
Functional genomics — An 
area of scientific study that aims 
to discover the biological function 
of particular genes and to un-
cover how sets of genes and their 
products work together in health 
and disease. 
 
Microarray — A 2-dimensional 
array, typically on a glass slide or 
wafer, of genes or gene frag-
ments (often in the form of oli-
gonucleotides) in a predeter-

mined spatial order.  The microar-
ray is a powerful technology that 
allows simultaneous measure-
ment of expression levels for up 
to tens of thousands of genes. 
 
Oligonucleotide — A short de-
fined sequence of nucleotides 
(generally fewer than 100 bases). 
Synthetic oligonucleotides corre-
sponding to portions of a gene 
are used as probes on microar-
rays to detect the gene product. 
 
Probe — The oligonucleotide on 
the microarray that detects a spe-
cific gene product. 
 
RNA — The ribonucleic acid 
molecule that is the direct product 
of a gene.  It directs the synthesis 

of proteins or is involved in struc-
tural or regulatory aspects of cell 
physiology. 
 
Target — The biological material 
that is being queried for gene 
products (RNA).  This is usually 
the RNA from a cell or tissue that 
has been modified in such a way 
(e.g., by addition of a fluorescent 
dye) that its presence can be de-
tected. 
 
Toxicogenomics — A new sci-
entific sub-discipline that com-
bines the emerging technologies 
of genomics, proteomics, and 
bioinformatics to identify and 
characterize mechanisms of ac-
tion of known and suspected toxi-
cants. 
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